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Abstract

Planar samples of varying thicknesses of both CH and CD glow discharge polymer have

been measured with Fourier transform infrared (FTIR) spectroscopy before and after

exposure to deuterium-tritium (DT) gas at elevated temperature and pressure.  Planar

samples of polyimide films made from both hydrogenated and deuterated precursors have

also been examined by FTIR before and after DT exposure. The post-exposure FTIR

spectra demonstrated no measurable exchange of hydrogen with deuterium or tritium for

either polymer.  Evidence for oxidation of the glow discharge polymer due to

atmospheric oxygen was the only chemical change indicated by the FTIR data.
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I. INTRODUCTION

Targets for inertial fusion ignition experiments at the National Ignition Facility

will contain deuterium-tritium (D-T) fuel.1  The purpose of the current set of experiments

was to expose samples of relevant polymeric materials that may be used in these capsules

to D-T gas at elevated temperature and pressure to investigate the effects of D-T on the

materials.  Transmission infrared spectroscopy provides one of the best methods to study

any changes in polymeric materials exposed D-T gas.  In transmission mode, Fourier

transform infrared  (FTIR) studies provide the opportunity to gauge isotopic substitution

by spectral shifts due to a mass effect, the relative amount of any substitution, and any

additional chemical changes.  In this set of experiments, samples of both normal

(hydrogenated) glow discharge polymer, CH, and its deuterated analog, CD,2 of varying

thicknesses were examined as planar samples in the transmission mode before and after

exposure to D-T.  Similarly, vapor deposited hydrogenated polyimide and deuterated

polyimide3 of varying thicknesses were examined.

Generally "DT" is an isotopic mixture of D2, DT, and T2 in a 1:2:1 ratio.

Although pure DT can be prepared,4 it is rapidly converted to the equilibrium isotopic

mixture due to the decay of the tritium

1
3

-1
0H  He  +  → 2

3 β (1)



The energetic −1
0β  then cleaves molecular species to produce radicals that result in the

scrambling of the isotopic mix, e.g.:

− →1
0β   +  DT  D   +  T� � (2)

D   +  DT  D   +  T2� �→ (3)

It is this decay and the energetic species that it produces that is the source of energy for

isotopic exchange and chain rearrangement often seen in polymeric materials.

Isotopic exchange has been observed in different organic polymers, but primarily

with pure tritium gas or tritiated water.  Calculations demonstrate that isotopic exchange

occurs much faster in an atmosphere of pure T2 as compared to D-T.5 Tritium exchange

for hydrogen atoms of carboxylic acid and alcohol functional groups, but not with C-H

groups, have been observed with tritiated water.6 Two potential exchange mechanisms

could occur with DT in organic polymers such as polyethylene.7  The Wilzbach

heterogeneous exchange assumes that β radiation produces a radical species in the

polymer that reacts with molecular DT (or D2 or T2).   An example is shown below:

  RH  +      R   +  Hβ → � � (4)

R   +  DT    RD  +  T� �→ (5)

The other relevant mechanism occurs with a reaction to produce an activated T (or D)

radical, which reacts with the polymer:



− →1
0β   +  DT  D   +  T� � (6)

D   +  RH    RD  +  H� �→ (7)

Other possible reactions for organic polymers initiated by radical mechanisms include

oxidation, which would produce functional groups with oxygen atoms, and polymer

cross-linking, which would be manifest as changes in the C-H and C-C stretching regions

of the infrared spectra.  For example, exposure of polyethylene to 1 atmosphere of tritium

gas at ambient temperature for 108 days indicated formation of cross-links and an

increase in stiffness, presumably via radiation induced chain scission followed by cross-

linking reactions.8  FTIR spectra also suggested some tritium exchange in this study.8

Polyimide represents a robust polymer with numerous applications.9  Unlike glow

discharge polymer, all C-H linkages are aromatic. It has been reported that Kapton

polyimide, chemically identical to the vapor deposited polyimide used in this study,

shows little change with exposure to tritium at 1 atmosphere for 108 days at ambient

temperature.8

II. EXPERIMENTAL

Planar, thin film samples of vapor deposited polyimide and the glow discharge

polymer were used in this study.  The 20 samples varied in thickness from 7.2 to 60 µm.

Samples of H-PI and D-PI were prepared from pyromellitic dianhydride (PMDA) and

4,4'-oxydianiline (ODA) or their fully deuterated analogs. Samples of either CH or CD



were prepared by standard techniques10 from CH4 and H2 or CD4 and D2. The FTIR

spectra of the deuterated samples do indicate a small level of C-H bonds.

FTIR spectra were measured in the transmission mode of a Nicolet NicPlan

infrared microscope with a liquid nitrogen cooled mercury cadmium telluride (MCT)

detector.  The infrared source was a Nicolet 730 FTIR spectrometer.  This microscope

uses redundant aperaturing and a 100 µm spot size. Pre-exposure samples were loaded

into a sample cell under an inert He atmosphere and the infrared spectra measured upon

removal from the glove box.   The sample cell consisted of a four position sample holder,

two 2 mm thick BaF2 windows, a brass frame, and an o-ring.  The samples were removed

from the sample cell and exposed to 340 atmospheres of DT gas at 70° C for 48 hours.

These are similar to conditions that would be used in a diffusion fill of a plastic capsule

for an ignition experiment.  The details of the exposure conditions are reported elsewhere

in this issue.11

III. RESULTS

Figure 1 shows a comparison of the FTIR spectra of CH and CD glow discharge

polymer before exposure with thicknesses of 8.8 and 7.2 µm, respectively.  The spectra

of thicker samples (31.4 and 43.8 µm) are shown in Figure 2.  The thicker samples show

the same spectral features, but with stronger bands. Some of these infrared bands are

either outside the linear region of Beer’s Law or saturating.  Assignments for relevant

infrared bands of the CH and CD polymers are presented in Table 1. All the spectra of



these thin films demonstrate interference fringes, with a period related to the sample

thickness.

For the CH polymer the primary bands observed can be assigned to the C-H

stretches of -CH3 and –CH2- as well as the bending motions of these groups.  The C-H

stretches are in the 3000 to 2800 cm-1 region.  The scissoring mode of the –CH2- group

gives rise to a band near 1460 cm-1 which often overlaps the –CH3- asymmetric bend.

The symmetric –CH3 bend is observed near 1380 cm-1.  Weak combination bands are

observed in the infrared spectrum along with carbonyl stretches between 1750 and 1700

cm-1 and C=C stretches between 1650 and 1600 cm-1.

The vapor deposited polyimide thin films demonstrate infrared features observed

in previous polyimide studies.12 Figure 3 shows the spectra of 10 µm thick H-PI and D-PI

films, while a 50 µm thick H-PI spectrum is shown in Figure 4.  The primary spectral

assignments for polyimide and deuterated polyimide are in Table 2. The spectra indicate

some unreacted starting material present in the films.

Post-exposure spectra of the CH (8.8 µm) and CD (43.8 µm) polymers are

compared to pre-exposure spectra in Figures 5 and 6.  Spectral changes for both CH and

CD polymers include growth of a broad band between 3500 and 3200 cm-1, a gain in

infrared absorbance at 1708 cm-1, and a new infrared band at 1118 cm-1.  No new bands

indicative of replacement of H with D or T or replacement of D with T in the deuterated

samples is seen.



Post-exposure spectra of polyimide samples show no gross spectral changes.

Figure 7 is a before and after exposure comparison for a 10 µm thick sample of H-PI.  No

isotopic exchange is noted for this or other polyimide samples.

IV. DISCUSSION

Isotopic substitution from exposure to D-T gas would result in replacement of a

C-H bond with C-D or C-T, or a C-D to a C-T in the deuterated polymer samples. The

shift of the infrared absorbance bands due to these exchanges are significant, and can be

predicted based on the change of the reduced mass of the vibrating linkage.13  In the case

of a C-D replacement of a C-H linkage, the deuterated samples provide an exact location

of the C-D stretches.  The most obvious indication of exchange would be the appearance

of C-D stretching bands between 2100 and 2200 cm-1 for the exposed CH samples or

around 2300 cm-1 for the H-PI samples.

No post-exposure hydrogenated samples demonstrate measurable C-D absorption

bands.  Further, the deuterated samples show no evidence of C-T linkages whose

vibrational frequency can be estimated to be near 1800 cm-1. The glow discharge polymer

shows no changes in absorbance for the C=C stretch upon exposure.  This functional

group would be expected to be the most reactive with D-T gas and the absorbance level

remains largely unchanged after exposure.



For the glow discharge polymer, the only chemical change indicated by the

infrared spectra is oxidation with infrared absorbance changes for functional groups such

as –C=O and –O-H.  Oxidation due to atmospheric oxygen is indicated with increased

absorption for ν(OH) between 3500 and 3200 cm-1, ν(C=O) at 1708 cm-1, and ν(C-C-

OH) at 1118 cm-1.  There is no indication of cross-linking reactions in the polymer, which

would be manifested as changes in the ν(C-H) bands.  For polyimide, no oxidation or

cross-linking is indicated.

Thus, we conclude that the approach of diffusion filling of plastic capsules would

not lead to measurable isotopic exchange in the plastic and accompanying changes in the

infrared transmissive properties of these capsules.
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Table 1. Infrared Bands and Assignments for CH and CD Glow Discharge Polymer.

CH (cm-1) CD (cm-1) Assignment

2951 νa(C-H) –CH3

2928 2925w νa(C-H) –CH2 –

2868 2856w νs(C-H) –CH2 –, –CH3

2212 νa(C-D) –CD2 –, –CD3

2103 νs(C-D) –CD2 –

2071 νs(C-D) –CD3

1740, 1707 1738, 1703 ν (C=O)

1640, 1608 1630, 1589 ν (C=C)

1456 -CH2- scissors, -CH3 asym HCH bend

1376 −CH3 sym HCH bend

1084 −CD3 sym DCD bend

1055 −CD2- scissors



Table 2.  Infrared Bands and Assignments for Polyimide Thin Films.

H-PI (cm-1) D-PI (cm-1) Assignments

3489 3589 νa(N-H), Ar-NH2 (ODA)

3375 3376 νs(N-H), Ar-NH2 (ODA)

3099, 3074, 3051 ν(C-H), aromatic ring

2305, 2285, 2275 ν(C-D), aromatic ring

1824 νa(C=O), anhydride (PMDA)

1778 1779 νs(C=O), imide (PI), anhydride

(PMDA)

1726 1725 ν (C=O), imide (PI)

1621 1622 νa (C=O), polyamic acid

1598 1572 NH2 scissors, Ar-NH2

1502, 1455 1425, 1400 ν(C=C), aromatic ring

1380 1372 ν(C-N-C), imide (PI)

1307 ν(C-N), Ar-NH2

1243 1215 ν(C-O-C), imide Ar-O-Ar

1114 1116, 1093 ν(C-N-C), imide



Figure Captions:

Figure 1. Transmission FTIR spectra of CH and CD polymer films of 8.8 µm and 7.2 µm,

respectively.

Figure 2. Transmission FTIR spectra of CH and CD polymer films of 31.4 µm and 43.8

µm, respectively.

Figure 3. Transmission FTIR spectra of 10 µm thick H-PI and D-PI polymer films.

Figure 4. Transmission FTIR spectra of a 50 µm thick H-PI polymer film.

Figure5. A comparison of the FTIR spectra of an 8.8 µm CH film before and after

exposure to DT gas.

Figure 6. A comparison of the FTIR spectra of a 43.8 µm CD film before and after

exposure to DT gas.

Figure 7. A comparison of the FTIR spectra a 10 µm H-PI film before and after exposure

to DT gas.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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